Abstract: This paper deals with the optimal design of deep submarine exploration housings and autonomous underwater vehicles. The structures under investigation are thin-walled laminated composite unstiffened vessels. Structural buckling failure due to the high external hydrostatic pressure is the dominant risk factor at exploitation conditions. The search of fiber orientations of the composite cylinders that maximize the stability limits is investigated. A genetic algorithm procedure coupled with an analytical model of shell buckling has been developed to determine numerically optimized stacking sequences. Characteristic lamination patterns have been obtained. FEM analyses have confirmed the corresponding significant increases of buckling pressures with respect to initial design solutions. Experiments on thin glass/epoxy and carbon/epoxy cylinders have been performed. The measured buckling pressures appear to be in good agreement with numerical results and demonstrate the gains due to the optimized laminations. 
Introduction
The use of composite materials for submersible structures, allowing low weight to displacement ratios and long endurance for devices of limited energy carrying capability, have been investigated in recent studies [1, 2, 3] . Various applications, such as submarine exploration housings and autonomous underwater vehicles, are currently developed by IFREMER (the French Research Institute for the Exploitation of the Sea) with participation in European BRITE and MAST programs [3, 4] . Such deep-submersible vessels are unstiffened, lengthy , laminated, cross-ply cylinders having rigid metallic end-closures as shown in Fig. 1 . These composite tubes are carbon reinforced or glass reinforced epoxy resin structures obtained by the filament winding process [5, 6] . Most of the thin cylinders This choice is classical for thin tubes subjected to internal pressure: due to the ratio between the circumferential and the axial load components resulting from the loading, the [ ]
laminations maximize the static strength [3, 6] .
The composite cylindrical vessels for underwater applications are intended to operate at high external hydrostatic pressure (sometimes up to 60 Mpa) [3] . Previous numerical and experimental studies performed by IFREMER have shown that failure due to structural buckling is the major risk factor for thin laminated cylinders [1, 2, 3] . The calculated and experimental buckling modes of the lengthy vessels are characterized by one longitudinal half-wave and two (mode called 'type 2') or three ('type 3') circumferential half-waves as shown in Fig. 2 . As noted in previous papers, the optimization of ply angles in order to maximize the buckling loads could take advantage of the potential of fiber-reinforced materials allowing the properties of the laminate to be tailored to the application [7, 8, 9] .
Thus, the aim of this study is the improvement of lamination patterns increasing the stability limit of the composite laminated cylinders subjected to hydrostatic external pressure.
First, a numerical study has been carried out. An analytical buckling model of laminated cylinder has been coupled to a genetic algorithm procedure. This optimization tool allows the search for stacking sequences that maximize the buckling pressure and takes into account the manufacturing constraints. For all structures studied, a characteristic optimized lamination pattern has been obtained. 
Numerical preliminary study of optimal lamination design

Formulation of the optimization problem
The geometry of a shell is characterized by its length L, its mean radius R and its wallthickness h (see Fig. 3 ). 
Optimization tool
An optimization design tool has been created (computed in Fortran 90) to investigate numerically the optimized laminations increasing the buckling pressures of the filament wound cylinders. Its principle is described in Fig. 4 . First, the initial parameters (geometry, number of plies and mechanical orthotropic properties of the constitutive composite material) are introduced. The search for the optimized lamination is performed by the coupling of analytical buckling shell models providing the buckling pressure value P cr to a standard genetic algorithm optimization procedure. Finally, the optimization code gives the
(corresponding to the highest P cr calculated value)
found by the optimization code.
Analytical buckling shell model
The analytical buckling model developed for laminated cylinders subjected to external pressure has been developed taking into consideration the following two assumptions:
-The instability phenomena is investigated for thin-walled laminated shells that are sensitive to transverse shear effects [4, 6, 10] . Thus, the approach developed is based on a Third Order Shear Deformable theory (TOSD) [11] .
-In order to restrict the time of calculation to acceptable values for the developed optimization tool, the analytical model is based on the linear buckling theory. Such an approach may overestimate the buckling pressures [12] but it generally provides good sensitivity to lamination parameters, thus allowing the search for stacking sequences which increase the buckling pressure [9, 12] .
As shown in Fig. 3 , the x, y and z coordinates and the corresponding U, V and W displacements are measured in the axial, circumferential and radial directions with respect to the cylindrical mean-surface [13] . The TOSD displacement field has been chosen so as to satisfy the transverse shear deformation conditions (i.e. xz ε and yz ε are zero on the shell external surfaces [11] ). This field is expressed as follows:
Previous modeling studies [13, 14] have shown that the composite cylinders considered can be assumed to be simply supported at their ends. The displacement approximation functions, satisfying these kinematic boundary conditions, are defined by [11, 12] : 
The elastic orthotropic constitutive law for the k th composite cross-ply is given by [11] : Ref. [6, 12] . The force and moment resultants related to the mean-surface of the shell are
expressed as follows [12] : 
8 detailed in Appendix A. The stability limit P cr corresponds to the lowest value of P satisfying Eq. (7).
Genetic algorithm
As mentioned earlier, the optimization problem investigated is a discrete one and then requires adequate procedures dealing with discontinuous design space. Moreover, previous studies dealing with the optimal laminations of composite cylinders subjected to various load cases (axial compression, torsion, lateral pressure) have demonstrated that such problems imply many local optima and non-convexity of the design space [8, 9] . The usefulness and efficiency of genetic algorithms for the study of this kind of discrete multimodal engineering design problems have been explored intensively in recent years [7, 13, 15, 16] crossover and mutation) [15, 16] . This process is renewed for a fixed number of generations and finally yields the best individual found. In this application, each individual manipulated by the created genetic algorithm represents a stacking sequence. Considering Ref. [15] recommendations concerning the efficiency of operators, the tournament selection, the whole arithmetical crossover and the random uniform mutation have been applied. The details of these operators can be found in Refs. [13, 15] . Moreover, preliminary tests of performances detailed in Ref. [13] have demonstrated the efficiency of the genetic algorithm procedure developed.
Results
The numerical examples concern IFREMER's investigations carried out in connection with the composite manufacturer CNIM (Constructions Navales Industrielles de la
Méditérannée -Hyères, France). The structures considered are small-scale cylinders of 400 mm length and 175 mm internal diameter. The first constitutive material considered is a carbon fiber reinforced epoxy resin (T700 fibers, F100 resin). According to previous experimental and numerical studies [14] or 'type 3' (see Fig. 2 ). The increases of buckling pressures are evaluated using the relative gain factor γ defined as follows: The cylinder static strengths has also been checked. For the carbon/epoxy composite material considered, the tension and compression normal stress limits and the shear stress limits are assumed to be (in MPa) [13] ; ν 13 0 278
; Thus, it could be said that the optimized stacking sequences act as circumferential stiffeners for the composite vessels so inducing an increase of critical buckling pressure. Tab. 2). The cr P buckling pressure evaluated by non-linear FEM analysis is 22.5 MPa (see Tab. 2) and the corresponding calculated buckling mode is 'type 3'. A specific testing device allowing the control of the instability phenomenon has been developed for this experimental study [18] . As shown in Fig. 5 , the composite cylinder is placed in a cylindrical testing hull. The hydrostatic external pressure is generated by the translation of a piston activated by a standard tensile machine. The control of the quasi-static displacement of the actuator allows the control of the amplitude of the post-buckling displacements and then to maintain cylinders in post-critical configurations [13, 18] . The hollow screw-top of the testing hull enables the direct visualization of the buckling mode shapes. The device has been designed to test cylinders attaining nearly 180 mm internal diameters and 800 mm maximum lengths. The limit pressure test is 40 MPa. Previous experimental studies described in Ref. [18] have demonstrated the excellent adaptation of this testing machine for the buckling experiments of thin composite tubes: the instability phenomenon clearly appears on the pressure-piston displacement recording and the buckling mode shapes are easily checked.
Experiment on a carbon/epoxy cylinder
Experiments on glass/epoxy cylinders
The tests on the four manufactured filament-wound cylinders have been carried out using the developed testing device in two sets (each comprising a [ ] 55 reference solutions.
Conclusion
The optimal lamination design of unstiffened thin composite underwater vessels subjected to buckling has been investigated. A numerical optimization tool using a genetic algorithm coupled with an analytical TOSD buckling model has been developed. It enables efficient laminations of tubes subjected to high external pressure to be determined in an acceptable CPU time even for large discrete design space times. The optimized laminations, This optimization methodology will be applied soon to the design of half-thick and stiffened composite cylindrical vessels involved in IFREMER's developments. Moreover, current studies performed in IFREMER focus on the evaluation of the initial stress state induced by the filament winding manufacturing process.
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